Deciphering the inner workings of the cell requires specific molecular probes to measure the spatial and temporal dynamics of cellular structures. One class of probes that has been pivotal to modern cell biology is antibodies. Their ability to bind specifically to antigens such as proteins and even their posttranslational modifications (PTMs) has been exploited extensively to interrogate cellular function. For example, fluorescently labeled antibodies have been crucial staining reagents in molecular imaging techniques to reveal information on subcellular localization, abundance, and molecular interactions of biological antigens of interest. In addition, antibodies are essential to a vast range of biochemical analyses, including classic diagnostic techniques, such as Western blots and ELISA, but also to systems biology methods, such as mass spectrometry and ChIP-Seq (chromatin immunoprecipitation sequencing; [@bib57]), in which antibodies mediate the initial purification of the biological specimen.

Although conventional full-length antibodies are still the most widely used binding reagents for biochemistry and cell biology applications, their complex structural organization and their tedious manufacturing procedures have urged the development of new, alternative binding reagents. Such binders are either recombinantly generated immunoglobulin derivatives or synthetically designed from very different protein scaffolds. As such, recombinant binders are made to complement antibody-based fields of application or even enable completely new and innovative experiments. Of particular interest are binders that can be robustly expressed in living cells, a feature that is exclusive to small and stable binding molecules and cannot be performed easily with full-length antibodies, as a result of crucial inter- and intramolecular disulphide bridges that do not form in the cytoplasm. Thus, researchers have found a plethora of new applications in which binders have been combined with enzymatic or structural functionalities in living systems.

The development of in vitro screening techniques has been a decisive step for the rise and generation of recombinant binding reagents. These methods include classic phage display but also bacterial and yeast display as well as ribosomal and mRNA display. With such in vitro display techniques at hand, directed evolution strategies and genetic manipulation of binder sequences allow targeted engineering of key features, such as specificity, valence, affinity, and stability, enable derivatization toward smaller and more stable binding entities, and facilitate expression in heterologous hosts. Yet, it is the virtually limitless combinability of binder-mediated target recognition with any other chemical or biological function (viruses, translocation peptides, enzymes, structural proteins, dyes, toxins, and therapeutic agents) that opens up a whole universe of biotechnological innovations. Here, we provide a short overview of the most important recombinant binder formats and how they are generated followed by a few examples of how these valuable reagents can promote innovation and enable new discoveries in various fields of cell research. An in-depth discussion of molecular and structural aspects of some of these formats can be found in recent specialized reviews ([@bib78]; [@bib90]).

In vitro binder selection with display techniques {#s01}
=================================================

Several polypeptide display techniques are available to identify antigen-specific binders in vitro. Although these methods use different biological vehicles, they share common features, including the capacity to screen large gene libraries, physical coupling of the encoding DNA sequence with its respective protein, and the possibility to increase binding specificity and affinity by repetitive mutagenesis and selection cycles (panning).

Phage display {#s02}
-------------

Phage display, the most common display technique, involves the display of a recombinant binder library on the surface of bacteriophages upon genetic fusion with a viral coat protein. Individual phages comprise a defined binder on the surface and the respective gene within a phagemid inside the phage particle. Challenging this phage library with an immobilized antigen allows for in vitro selection of specific binders that can be amplified and identified by reinfection of *Escherichia coli*. Most widely used are M13 filamentous phages.

Bacterial and yeast display {#s03}
---------------------------

Both techniques rely on fusing the gene of the binder library to respective surface proteins. In contrast to phages, bacteria and yeast can be screened via flow cytometry. Displaying binders on yeast is additionally advantageous because the expression is mediated by a eukaryotic machinery, which has been demonstrated to be more effective in comparison to phage display ([@bib9]).

Ribosome and mRNA display {#s04}
-------------------------

Ribosome display involves the in vitro transcription and translation of a DNA library. A genetic trick allows immobilization of the translated, correctly folded protein on the ribosome in a noncovalent complex with the respective mRNA, thereby providing the necessary genotype--phenotype link. The variable pool of binder--ribosome--mRNA complexes is then incubated with immobilized antigen, and specific binders are amplified by reverse transcription.

mRNA display differs from ribosome display in that the in vitro translated polypeptide is covalently linked to its cognate mRNA via puromycin, a tRNA mimetic. In contrast to other display techniques, ribosome and mRNA display are independent of *E. coli* transformation and the accompanying potential loss of library diversity. In addition, the reverse transcription and PCR amplification steps in between successive selection cycles introduce sporadic mutations that mimic an affinity maturation step.

Development of different recombinant binders {#s06}
============================================

Immunoglobulin derivatives {#s07}
--------------------------

Naturally produced immunoglobulins (IgG, IgM, IgA, IgD, and IgE) areuniversal weapons against pathogenic threats. The predominant isotype in nature is IgG, a 150-kD multichain/multidomain protein. IgG consists of two heavy chains and two light chains with variable domains (V~H~ and V~L~; Fig. [1 A](#fig1){ref-type="fig"}). The binding occurs via six (three in V~H~, three in V~L~) complementarity determining regions (CDRs). Derivatization of IgG allows the generation of functional Fab (∼50 kD), scFv (∼25 kD), and single, variable domain V~H~ or V~L~ fragments ([Fig. 1 A](#fig1){ref-type="fig"}). In Fab and scFv formats, the antigen binding surface is established via specific association of the V~H~ and the V~L~ domain, mediated by hydrophobic framework residues ([@bib18]). The necessity of noncovalent interdomain interactions for functional domain assembly impairs the thermodynamic stability of Fabs and scFvs ([@bib125]; [@bib128]). This problem is aggravated with isolated V~H~ and V~L~ domains, as these hydrophobic residues are exposed at the surface and thus decrease protein solubility. Therefore, functional applications of single domain antibodies derived from IgGs often require dedicated protein engineering ([@bib114]).

![**Comparison of immunoglobulin derivatives and nonimmunoglobulin binder formats.** (A) Immunoglobulins and their derivatives. (left) A conventional IgG molecule is comprised of two heavy and two light chains. Heavy chains comprise three constant domains (C~H~1--3, dark blue) and one variable domain (V~H~, dark green); light chains comprise one constant (C~L~, light blue) and one variable domain (V~L~, light green). The naturally functional antigen binding unit is formed by noncovalent association of the V~H~ and the V~L~ domain. This association is mediated by hydrophobic framework regions, indicated in pink. IgG can be derivatized to Fab, scFv, and single domain V~H~ or V~L~ binders. (right) Heavy chain antibodies (hcAb) are found in *Camelidae*, lack the light chain and the C~H~1 domain, and comprise a single, antigen binding domain, the V~H~H domain. (B) Nonimmunoglobulin binders are based on natural and designed protein scaffolds. Shown are fibronectin-derived Adnectins/monobodies that are characterized by an Ig-like β-sandwich structure, anticalins that are based on the lipocalin fold, affibodies that derive from protein A and comprise three α helices, and DARPins, which are designer proteins composed of ankyrin repeats. The randomized residues that mediate the respective ligand binding are marked in red. Protein Data Bank accession numbers are given in parentheses. N, N terminus; C, C terminus.](JCB_201409074_Fig1){#fig1}

As a result of these biochemical limitations of IgGs and their derivatives, the discovery of naturally evolved heavy chain antibodies (hcAbs) derived from camels ([@bib43]) has raised great interest in the recombinant antibody field ([Fig. 1 A](#fig1){ref-type="fig"}). The functional antigen-binding unit of hcAbs is reduced to only one single variable domain (V~H~H domain; nanobody). V~H~Hs have a size of ∼13--14 kD and have evolved biochemical features that are favorable for a wide range of biotechnological applications. These properties include the substitution of hydrophobic with hydrophilic residues in framework regions ([@bib79]; [@bib123]; [@bib44]), increasing the overall stability and solubility of these single domain antibodies and allowing robust, heterologous expression in bacterial hosts and functional expression in eukaryotic cells ([@bib97]). Moreover, the mode of binding tends to differ from conventional antibodies. Conventional IgG paratopes often form cavities, grooves, or flat surfaces to bind small chemical groups, peptides, and planar epitopes on large folded proteins, respectively ([@bib112]). In contrast, the prolate shape of a V~H~H exposes a convex paratope that is well suited to bind cavities or cryptic epitopes, which are likely unavailable for bulkier IgG paratopes as was exemplified for the blocking of the active site of lysozyme and the recognition of elusive structures of pathogenic trypanosomes ([@bib81]; [@bib111]; [@bib22]).

Nonimmunoglobulin binders {#s08}
-------------------------

The specific needs of the various fields of application as well as patenting issues motivated the development of several alternative binder formats that are based on defined nonimmunoglobulin protein folds. Here, we describe a few that are well established and suited for cellular research ([Fig. 1 B](#fig1){ref-type="fig"}).

There are different strategies to engineer completely new classes of antibody mimetics. On the one hand, researchers have used natural protein folds as universal scaffolds for the generation of recombinant binding reagents. For example, the 10-kD fibronectin protein fold serves as a template for the bioengineered Adnectins/monobodies ([Fig. 1 B](#fig1){ref-type="fig"}). They are structured similarly to immunoglobulin domains with seven β sheets and three CDR-like loops located on the top of the barrel-like fold ([@bib62]). Genetic randomization of the CDR-like loops allows the generation of libraries from which to retrieve binders with desired specificities after in vitro display, as was for example demonstrated for a monobody directed against the Abl SH2 domain ([@bib127]). In contrast to variable Ig domains, the fibronectin structure does not depend on intramolecular disulphide bridges, thus facilitating functional applications in reducing environments such as the cytoplasm of living cells ([@bib38]).

Another example of a synthetic binding reagent is anticalins, which derive from the 20-kD lipocalin fold ([@bib6]). Lipocalins are eight-stranded β-barrel structures that mediate binding and transport of small molecules in their endogenous environment. Upon randomization of the four natural binding loops, the synthetic variant may be designed to specifically recognize antigens of interest with high affinities. The goblet-like binding pocket significantly differs from antibody paratopes ([Fig. 1 B](#fig1){ref-type="fig"}). Thus, the anticalin format is considered especially useful to generate binders against small molecules ([@bib65]) and protruding conformational epitopes ([@bib26]).

Another class of affinity proteins has been designed based on the immunoglobulin binding protein A from *Staphylococcus aureus.* These so-termed affibodies comprise three α helices without disulphide bonds and have a molecular mass of ∼6.5 kD ([Fig. 1 B](#fig1){ref-type="fig"}). Random mutagenesis of defined residues within the two binding helices allows screening for target-specific binding reagents for biotechnological use ([@bib82]).

In terms of size and binding mode, all aforementioned binder formats are more or less restricted to the fold of their natural template. On the other hand, engineering repeat proteins as recombinant antibody mimetics allows more modular design strategies. The basic principle of repeat binders lies within the consecutive arrangement of multiple repeat units ([Fig. 1 B](#fig1){ref-type="fig"}). The overall length of the repeat protein may be adjusted with respect to specific target properties. A prominent example for repeat protein binders are designed ankyrin repeat proteins (DARPins). DARPins are based on the ankyrin fold, which naturally mediates protein--protein interactions (PPIs) and has been observed in diverse protein families ([@bib73]; [@bib3]). The structural subunit of a DARPin consists of a β turn followed by a pair of antiparallel α helices and a loop, typically comprising 33 amino acids. Randomization of defined helix residues enables selection of high-affinity binders ([@bib7]; [@bib28]; [@bib61]). In contrast to barrel-like binder folds with antigen-reactive loop structures, DARPins form slightly concave binding surfaces that favor large, conformational epitopes. As a result of the complete absence of disulphide bridges, DARPins are well suited as potential intracellular binders ([@bib86]) and can be expressed in large amounts in bacteria.

In addition to these established formats, a plethora of novel protein scaffolds has been developed and includes recombinant binders such as avimers ([@bib106]), affilins ([@bib25]), fynomers ([@bib34]), affitins ([@bib77]), knottins ([@bib109]), armadillo repeat proteins ([@bib87]), and the very recently published adhirons, which can be stably produced in large amounts ([@bib117]). As a complement to conventional antibodies, man-made recombinant binders, based on immunoglobulin or nonimmunoglobulin folds, open up new possibilities for the life sciences. The available formats have common and unique properties ([Table 1](#tbl1){ref-type="table"}) that can be used to choose the best format for a given application. For all formats, however, the success in retrieving a potent binder with a desired target specificity largely depends on the library size as well as the techniques and conditions used for their screening.

###### 

Recombinant binders and their molecular characteristics

  Format               Size   Template         Structure (disulphides?)            Binding mode                             Characteristic features
  -------------------- ------ ---------------- ----------------------------------- ---------------------------------------- ---------------------------------------------------------------------------------------
                       *kD*                                                                                                 
  **Ig derivative**                                                                                                         
  Fab                  ∼50    IgG              Four Ig domains, β-sandwich (yes)   Via six CDR loops, V~H~/V~L~ interface   Nonrecombinant generation by papain digest of IgG is possible
  scFv                 ∼25    IgG              Two Ig domains , β-sandwich(yes)    Via six CDR loops, V~H~/V~L~ interface   A synthetic link stabilizes the noncovalent interaction between V~H~ and V~L~ domains
  V~H~                 ∼13    IgG              β-sandwich (yes)                    Three V~H~ CDR loops                     Single domain antibody; exposed hydrophobic stretch
  V~L~                 ∼13    IgG              β-sandwich (yes)                    Three V~L~ CDR loops                     Single domain antibody; exposed hydrophobic stretch
  V~H~H                ∼13    hcAb             β-sandwich (yes)                    Three V~H~H CDR loops                    Small, stable Ig antigen binding unit; recognition of cryptic epitopes
  V-NAR                ∼9     Ig-NAR           β-sandwich (yes)                    Three V-NAR CDR loops                    Small, stable Ig antigen binding unit; recognition of cryptic epitopes
  **Non-Ig binders**                                                                                                        
  Monobodies           ∼10    Fibronectin      β-sandwich (no)                     Three CDR-like loops                     Ig-like structure lacking disulphides
  Anticalins           ∼20    Lipocalin        Goblet-like β-barrel (yes)          Four CDR-like loops                      Binding pocket for small molecules and protruding epitopes
  Affibodies           ∼6.5   Protein A        Three α-helices (no)                helix-mediated                           Bacterial origin, smallest recombinant binder format
  DARPins              ∼18    Ankyrin repeat   Helix-turn-helix (no)               planar, flexible surface                 Repetitive, modular design

Applications of recombinant binders in molecular and cellular biology {#s09}
=====================================================================

Cellular proteomics {#s10}
-------------------

The analysis of proteomes relies on the availability of high-quality binding reagents. They are necessary for the molecular analysis of specific target proteins and their spatiotemporal cellular abundance using standard detection methods such as microscopy and Western blot analysis. Furthermore, binder-mediated affinity purification in combination with systems biology techniques has contributed to a comprehensive understanding of cellular interactomes in development and disease. Although such experiments were historically performed with conventional antibodies, the use of recombinant binding reagents for proteomic application becomes increasingly popular, and international consortia have been installed with the long-term goal to cover the entire human proteome with renewable binders ([@bib115]; [@bib19]).

Biochemical and proteomic analyses of crude samples include affinity-based purification or depletion of specific components using chromatography columns that, however, require large amounts of affinity material. Thus, expensive monoclonal and polyclonal antibodies are less attractive to purify or deplete endogenous proteins, whereas inexpensive immobilized-metal affinity chromatography (IMAC) systems, such as the Ni-NTA (nitrilotriacetic acid)/His-tag system, are widely used but also restricted to artificially tagged proteins. Consequently, recombinant binders that can be produced at low costs in high quantities offer valuable alternatives for immunoaffinity chromatography of biological samples ([@bib8]; [@bib37]).

The rise of comprehensive proteomic analyses started with the advent of protein microarrays enabling quantification of cellular protein components ([Fig. 2 A](#fig2){ref-type="fig"}). However, array analyses of complex protein samples require highly sensitive and specific detection reagents to measure low-abundant proteins ([Fig. 2 A](#fig2){ref-type="fig"}). In terms of recombinant probes, high-affinity scFvs have proven especially useful for protein arrays ([@bib126]) and allowed for biomarker profiling of cancers ([@bib51]; [@bib13]) and autoimmune diseases ([@bib14]). However, the high cost per array is still the limiting factor in protein array technologies.

![**Applications of recombinant binders in biochemistry and structural biology.** (A) Use of recombinant binders for purification and detection in vitro. Fields of applications involve classic capture assays such as ELISA, high-throughput screening (HTS) techniques and immunoprecipitation (IP) as well as proteomic and array technologies. (B) Recombinant binders for assisted crystallography. Shown are three different structures and binder formats (Nanobody, Affibody, and DARPin) that have been used for the elucidation of challenging structures. Protein Data Bank accession numbers are given in parentheses.](JCB_201409074_Fig2){#fig2}

State-of-the-art proteomics nowadays mostly relies on the use of mass spectrometry to analyze complex protein mixtures ([@bib124]). Affinity tools are used in mass spectrometry--based proteomics to purify or enrich defined targets and subsequently identify PTMs and interacting factors ([Fig. 2 A](#fig2){ref-type="fig"}). To bypass the time-consuming generation of specific binders, proteins are often tagged with established foreign epitopes. The use of GFP as tag in cellular proteomics allows the experimental link between live cell microscopy and proteomic analysis ([@bib20]) and a high-affinity GFP-binding nanobody---termed GFP binding protein (GBP)---enables highly efficient one-step purification of GFP fusion proteins to study PPIs and protein--DNA interactions ([@bib98]; [@bib120]; [@bib29]; [@bib89]). Similarly, an RFP-specific nanobody was genetically immobilized to biogenic, magnetic nanoparticles produced by magnetotactic bacteria ([@bib91]) for efficient magnetic bead pull-down of RFP fusion proteins.

Recent efforts demonstrated that proteomics may be used to identify and generate recombinant binders by combining next generation DNA sequencing with mass spectrometry analysis of immune repertoires ([@bib30]). For this purpose, nanobody cDNA libraries from an immunized llama were sequenced and matched with the respective antigen-specific hcAb peptide sequences determined by mass spectrometry. This approach yielded high-affinity GFP- and mCherry-specific nanobodies, which complement the available toolbox of fluorescent protein (FP)--specific nanobodies ([@bib97]; [@bib59]) and DARPins ([@bib11]). Advances in the analysis of single-molecule complexes with DNA-barcoded proteins ([@bib40]) might pave the way toward massive parallel screening of antibody libraries against antigen libraries and thus significantly boost the throughput during binder development.

Structural biology {#s11}
------------------

High-resolution structural information, preferably provided by x-ray crystallography, is essential for a thorough understanding of complex biological systems. Unfortunately, high-quality diffracting crystals of intrinsic disordered or flexible proteins, transient protein assemblies, multiprotein complexes, and membrane proteins are difficult to produce even when highly purified recombinant proteins are available. Nevertheless, the crystallization of such recalcitrant proteins is now possible as a result of the recognition of the beneficial effect of auxiliary affinity reagents. The early successes with Fab ([@bib67]) or Fv ([@bib83]) as so-called crystallization chaperones have been extended and repeated on a large scale with nanobodies, monobodies (FN3 domains), DARPins, and to a lesser extent, also anticalins and affibodies ([Fig. 2 B](#fig2){ref-type="fig"}).

The efficacy of these affinity reagents to assist the crystallization process originates from their shared favorable properties: facile identification and large-scale production of stable and soluble target binders. The DARPins, monobodies, anticalins, and affibodies have an additional advantage over nanobodies, Fabs, and scFvs because they lack disulphide bridges, allowing standard cytoplasmic expression to produce functional chaperones. Apart from these shared critical factors to initiate crystallography screens, the chaperones may promote crystal formation by a variety of possible mechanisms that will improve the surface area capable to form crystal contacts ([@bib66]; [@bib121]; [@bib23]) and lower the entropic cost of lattice formation. In particular, recombinant binders might facilitate crystals by: (a) increasing the total amount of structured polypeptide ([@bib75]) or by organizing intrinsically disordered proteins ([@bib108]; [@bib104]; [@bib1]); (b) reducing the inherent conformational heterogeneity within the sample after selection and fixation of one native conformer in the ensemble ([@bib129]; [@bib121]; [@bib92],[@bib93]; [@bib69]) or by minimizing local flexibility ([@bib17]); (c) shielding highly charged and flexible regions such as in the Polo-like kinase 1 crystal structure ([@bib4]); (d) masking problematic peptide patches with unwanted self-polymerizing propensity ([@bib49]; [@bib24]; [@bib5]); and (e) introducing or by extending a hydrophobic and rigid surface area available to form crystal contacts ([@bib103]; [@bib4]; [@bib101]; [@bib122]; [@bib92]; [@bib64]; [@bib68]).

Especially, β-rich chaperones (nanobodies and monobodies) have a pronounced tendency to form intermolecular self-assemblies via an exposed edge of their β sheet ([@bib116]). However, DARPins were shown to be involved in crystal packing as well ([@bib122]).

The availability of these diverse types of chaperones permits the generation of binders against all possible topologies. It is well established that the convex binding surface of nanobodies is better suited to interact with concave surfaces on the antigen, whereas DARPins use the opposite mode of interaction. The different interactions of a DARPin and a nanobody with the same receptor binding protein of P2 bacteriophage illustrate this nicely ([@bib110]; [@bib122]). Interestingly, the monobody recombinant binder can be developed to associate with its target in a loop-focused fashion (like nanobodies) or with the combination of one solvent exposed loop and the side of the domain ([@bib64]). These different libraries ("loops-only" or "side and loop") are expected to generate binders recognizing different epitope architectures. Engineered anticalins, with a goblet-like shaped target-recognizing structure, favor protruding epitopes as was shown in the structure of the complex with human fibronectin ED-B (Extra Domain-B; [@bib32]). Finally, affibodies seem to prefer a flat interacting surface ([@bib49]). Therefore, all these chaperones should be considered complementary to each other, rather that competitive, to tackle the most difficult proteins to crystallize and to improve the diffraction quality. Moreover, different crystals of the same target protein complexed with alternative chaperones or with the same type of chaperone associated at different epitopes are instrumental to identify various alternative conformations of macromolecules, which might be linked to mechanism of action ([@bib88]; [@bib17]) or to degenerate binding with alternative partners.

Apart from the availability of various libraries of recombinant binders, also multiple dedicated selection protocols have been developed to retrieve the best possible candidate chaperone for protein crystallization ([@bib58]; [@bib84]; [@bib85]). With this toolbox (libraries of different recombinant binders and dedicated selection methods) at hand, several crystallization chaperones have been identified, and an impressive and expanding list of high-resolution structures of intact proteins that were otherwise difficult to crystallize has been collected.

Affinity-based biosensors, inhibitors, and imaging tools {#s12}
========================================================

Fluorescent biosensors are essential analytical tools to study molecular target structures at the cellular level. Although conventional antibodies are traditionally used to stain antigens in fixed cells, providing endpoint information only, FP-based biosensors are widely used for the spatiotemporal analysis of target structures in living cells. The genetic tagging of a protein of interest with a fluorescent reporter enables the dynamic visualization of molecular features in living cells. Such studies include the subcellular localization, conformational changes, and PPI that can be measured e.g., by distance-dependent Förster resonance energy transfer (FRET). However, the fusion with FPs requires genetic manipulation and may compromise the biological function of the protein of interest ([@bib48]). Moreover, recombinant expression rarely reflects endogenous expression levels, and nonprotein targets cannot be studied with this strategy. For these applications, recombinant affinity binders offer new options to engineer novel intracellular biosensors.

Tracing and tracking {#s13}
--------------------

A straightforward application for dynamic intracellular tracking of endogenous target structures consists of the genetic fusion of specific binders with FPs ([Fig. 3 A](#fig3){ref-type="fig"}). For these applications, any recombinant binders can be used, as long as they are functionally expressed in living cells. The reported reagents cover diverse aspects of cell biology, including the visualization of cytoskeletal components ([@bib97]; [@bib94], [@bib95]), the DNA replication machinery ([@bib12]), and viral infections ([@bib54]; [@bib45]) as well as reporting on apoptotic progression ([@bib130]) and ubiquitin signaling ([@bib107]). However, it is important to note that live-cell visualization of endogenous structures and their respective cell biology with affinity entities requires careful monitoring of potential interference upon antigen binding, such as effects on stability or localization of the target. To prevent that genetic fusion of a nanobody impairs its affinity and specificity, fusion partners should be preferentially added at the C terminus of nanobodies, which is the natural connection site for the constant domain and thus distal from the antigen binding site. Moreover, such visualization inherently depends on antigen-specific subcellular patternings (e.g., focal or filamentous structures), because the fluorescence signal is constitutively derived from the biosensor itself and thus does not report on the antigen abundance per se. One approach to quantify endogenous factors with recombinant binders is based on solvatochromatic fluorescent dyes whose fluorescence increases upon antigen binding ([@bib119]; [@bib80]). Site-specific attachment of these dyes to a Src-specific monobody for example allowed the quantitation of Src dynamics in living cells ([@bib42]). So far, however, this approach requires in vitro dye conjugation and intracellular application via microinjection, which limits its utility in cell biology. In general, recombinant SNAP-/Halo-/CLIP-tag techniques ([@bib56]; [@bib31]; [@bib76]) rely on self-labeling protein tags that covalently react with chemically modified and fluorescently labeled substrates. This approach offers new experimental options for site-specific dye attachment in living cells and have been applied to label binders such as DARPins and scFvs ([@bib55]; [@bib50]; [@bib39]).

![**Recombinant binders as intracellular biosensors, effectors, and tools for nanoscopy.** (A) Categories of affinity-based live-cell biosensors and effectors. (top left) Fluorescently tagged tracers are used to monitor antigen-specific localization patterns. (top right) Conformation-specific and PTM-specific binders are recruited to respective sites of action. (bottom left) Binders that block biologically active target sites or modulate target function upon binding. (bottom right) An F3H assay to investigate PPIs in living cells. A GFP-specific nanobody is anchored to defined subcellular structures such as the artificially introduced LacO array visible as a spot in the nucleus or the endogenous nuclear lamina or centrosomes. In all of these cases, RFP-preys colocalize with GFP-bait fusions in the presence of an interaction. (B) Recombinant binder tools for nanoscopy. Superresolution techniques such as 3D-structured illumination microscopy require repetitive imaging of a single cell, which leads to severe bleaching of FPs. Nanobodies can thus be used to stabilize or enhance FPs and enable high quality image acquisition conditions. Importantly, their small size reduces the linkage error, as the distance between the fluorescent label and the actual specimen is minimized. Bar, 10 µm.](JCB_201409074_Fig3){#fig3}

Conformation and PTM sensors {#s14}
----------------------------

As discussed in the structural biology section, affinity reagents can detect and stabilize specific conformational states of proteins. Consequently, reframing such binders as intracellular biosensors potentially enables the spatiotemporal analysis of specific conformational changes and their biological implications in living cells ([Fig. 3 A](#fig3){ref-type="fig"}). Such application was shown for a nanobody that binds the activated conformation of the β~2~-adrenoceptor ([@bib92]). Fusing this binder with GFP reports on the subcellular localization of activated β~2~-adrenoceptor and lead to the identification of endosomal membranes as initiation sites of acute G protein--coupled receptor signaling, which has previously been considered to occur exclusively from the plasma membrane ([@bib52]).

Similarly, a DARPin that recognizes the activated, phosphorylated conformation of extracellular signal--regulated kinase (ERK; [@bib70]) was conjugated with a solvatochromatic merocyanine to quantitatively report on active pERK localization in living cells in absence and presence of an inhibitor of the upstream regulatory kinase MEK1/2 ([@bib71]). Interestingly, this DARPin recognizes a conformational change within the activation loop that is activation-dependent and thus indirectly reports on the primary modification, the ERK phosphorylation. Like conventional antibodies, recombinant binders can be generated against PTMs and nonprotein epitopes. Thus, live-cell application of recombinant binders paves the way toward dynamic analysis of PTMs as was shown with a GFP-tagged scFv that specifically recognizes histone acetylation (H3K9ac) and was used for dynamic live-cell and live-animal monitoring of epigenetic chromatin modulation ([@bib99]).

PPIs {#s15}
----

Systematic probing of PPIs is often performed in vitro or in yeast. In living cells, PPIs can be tested with FRET, which is technically demanding, or with protein fragment complementation assays, which do not report in real time and are irreversible. In contrast, the recently developed fluorescent-3-hybrid (F3H) assay is based on recombinant immunorecruitment and allows dynamic and reversible monitoring of PPIs in living mammalian cells with a simple optical readout ([Fig. 3 A](#fig3){ref-type="fig"}; [@bib46]). GFP fusions with proteins of interest (bait) were recruited to discrete subcellular structures such as artificial LacO DNA arrays by fusing GBP to the Lac repressor. In addition, naturally occurring major satellite repeats, the nuclear periphery, and cytoplasmic structures such as centrosomes can be used as anchor points. Enrichment of red fluorescent prey proteins at the respective anchor sites then indicates specific interaction. The nanobody-based F3H assay is also suited for drug discovery, as small molecule compounds or peptides can be identified that prevent or disrupt PPIs. With this F3H assay, e.g., the disruption of the p53--HDM2 interaction by potential cancer drugs such as Nutlin-3 was monitored in living cells, providing direct information on dose response, kinetics, and bioavailability ([@bib46]).

Nanoscopy {#s16}
---------

In recent years, several novel super-resolution microscopy technologies revolutionized the field of fluorescence microscopy and enabled the analysis of cellular structures at subdiffraction resolution ([@bib100]). However, the higher resolution also imposes new requirements on detection reagents ([Fig. 3 B](#fig3){ref-type="fig"}). As a result of the size of primary and secondary antibodies, the attached fluorophore is positioned at a distance from the actual antigen, leading to so-called linkage errors. Thus, using the smallest possible immunofluorescence binding reagents is of utmost importance to unleash the full potential of super-resolution microscopy. In a first exemplary study, the GFP-specific nanobody was used for structured illumination microscopy to reveal the molecular machinery that effects the intercellular abscission during cell division ([@bib41]). This gain in resolution was then systematically demonstrated arguing for the use of directly labeled nanobodies for advanced nanoscopy ([@bib96]). Similarly, nanobodies have been used for photothermal single-molecule tracking in living cells with functionalized gold nanoparticles ([@bib72]).

Target modulation and validation {#s17}
--------------------------------

The molecular interaction between binder and antigen potentially alters or inhibits the biological function of the target structure ([Fig. 3 A](#fig3){ref-type="fig"}). In combination with intracellular expression, recombinant binders may thus be used for targeted modulation of antigen activity. The conceptual realization of such binder-mediated modulation was demonstrated by targeting the active site of the potato starch branching enzyme A in plant cells ([@bib53]). In a related approach, estrogen receptor--specific monobodies were used to discriminate ligand-induced conformational changes of estrogen receptor in yeast ([@bib63]). Finally, nanobodies were used to modulate protein conformation and thereby either enhance or minimize fluorescence properties of FPs ([@bib59]).

Novel recombinant binder formats have been developed as innovative biotherapeutics that bind and block defined disease-related antigens. Many of these potential target antigens, however, reside on the inside of cells, and thus, therapeutic applications depend on efficient techniques for delivery of proteins into affected cells. For research purposes, however, the ectopic expression of inhibitory binders in cells is a promising workaround for the functional validation of potential drug targets and does not require the physical target ablation by knockout or knockdown. For such purposes, DARPins were used to selectively inhibit JNK isoforms in human cells ([@bib86]), a class of enzymes that is critically involved in stress-induced signaling and is discussed as a potential drug target for various indications ([@bib21]). Furthermore, a fibronectin-derived monobody was designed to block an intramolecular interaction of the fusion oncoprotein Bcr-Abl in primary chronic myeloid leukemia cells, revealing a novel interface for therapeutic intervention in chronic myeloid leukemia and demonstrating the general use of recombinant intracellular binders against elusive drug targets ([@bib36]; [@bib105]).

Toward synthetic biology {#s18}
========================

Synthetic library design {#s19}
------------------------

Immunoglobulin-based binders derived from natural postimmunization repertoires reliably deliver high-quality recombinant affinity reagents. However, the natural antibody modularity also allows the rational design of entirely synthetic antibody libraries using advanced molecular biology techniques. Over the last two decades, such synthetic antibody technologies have constantly evolved and are now arguably as good as or even better than natural libraries ([@bib2]). Design strategies for such synthetic libraries are based on different concepts and include the recreation of natural CDR diversity or, as a next step, the rational implementation of well-known structure--function parameters to create recombinant antibody libraries with predefined, favorable biophysical properties regarding both antigen recognition and overall stability ([@bib47]; [@bib118]). Lacking a natural mechanism of diversity, nonimmunoglobulin binder libraries have to be synthetically generated and diversified with continuous improvements in design and performance ([@bib102]).

Recombinant binders in synthetic biology {#s20}
----------------------------------------

Synthetic biology not only helps in the generation of recombinant binders but also utilizes them to control gene transcription, protein turnover, or reroute signaling cascades ([@bib74]). Central claims of the still young field of synthetic biology involve the rational redesign of genetic building blocks to engineer novel cellular functions for a broad range of purposes and applications. In consequence, the conception of antibody derivatives and synthetic binders as cellular affinity modules that can be combined with any other gene adds to the molecular toolbox for synthetic biology. As a result of the widespread use of GFP fusion proteins in all areas of cell biology, the GFP-binding nanobody has often been used for initial proof-of-concept experiments that, however, demonstrate the potential of recombinant binders for future applications in synthetic biology. Thus, a nanobody was combined with the *Drosophila melanogaster* ubiquitin pathway and used for specific degradation of GFP fusion proteins in vivo ([@bib16]). For this purpose, the WD40 domain of an F-box protein that naturally mediates the interaction with the protein to be degraded was replaced with GBP, allowing targeted proteasomal knockdown of GFP fusion proteins ([Fig. 4 A](#fig4){ref-type="fig"}). In principle, this approach can be adapted with any binder-mediated specificity to subtly control target protein abundance and thus specifically modulate cellular functions in vivo*.*

![**Recombinant binders as modular entities in conceptual, cell-based assay design.** (A) A targeted protein knockout via an engineered proteasomal degradation device. The natural WD40 domain that mediates the interaction with a substrate to be degraded via the Skp1-Cul1-F-box-protein (SCF) ubiquitin (Ub) ligase complex is substituted with a recombinant binder, allowing targeted ablation of a protein of interest (POI; [@bib16]). (B) A scaffold-induced system to manipulate gene activity. Two different binders, recognizing distinct epitopes of a scaffold protein of interest are fused to a DNA-binding protein (DBP) and a transcriptional activator (TA) enabling protein of interest--dependent gene activation ([@bib113]).](JCB_201409074_Fig4){#fig4}

Likewise, the F3H assay that was described in the biosensors section for monitoring PPIs in living cells is based on a synthetic binding device and demonstrates the concept of intracellular immunorecruitment. It can be used to target practically any biochemical activity to a defined site of action. This was shown with an engineered Plo1 kinase, in which the natural targeting sequence had been replaced by GBP, thereby enriching enzymatic activity at intracellular sites of GFP localization ([@bib35]). Moreover, this GBP-anchoring system can be combined with proteins recognizing particular DNA sequences within the genome to manipulate the localization of chromosomal segments and chromatin domains in living cells. With this approach, topological effects can be studied as recently demonstrated by rescuing the ability of an MECP2 Rett syndrome mutant protein to bind and remodel heterochromatin ([@bib15]). The combination of this strategy with the controlled nuclear import of the anchor allowed additional temporal control.

In a further study, engineered scaffold proteins have been used as tools for the artificial control of cellular signaling events ([@bib33]). In a related approach, GFP was recently used as a scaffold protein to induce gene activation in a cell type--specific manner and to demonstrate that nanobodies can be used as dimerization-mediating binding entities ([Fig. 4 B](#fig4){ref-type="fig"}; [@bib113]). The GFP/GBP system was also used in the mouse brain for molecular profiling of defined projective neurons ([@bib27]).

These studies illustrate the plethora of novel experimental designs enabled by intracellular binders. In general, the small size and intracellular stability of these recombinant binders allow the exchange of natural binding modules and thereby redirect enzymatic activities and redesign cellular structures and signaling pathways.

Conclusions and perspectives {#s21}
============================

Some of the pioneering applications described in this review were initially demonstrated with only few recombinant binders. This was in part caused by the limited availability of well-characterized binders against a broad range of antigens. The extremely laborious procedures of library screening to generate specific and reliable binders still remain the major bottlenecks and represent a particular challenge to most cell biology laboratories. Thus, recent efforts in developing new binder formats and automatized screening, together with the establishment of publically available binder resources ([@bib115]), ideally with sequence information ([@bib10]) will hopefully soon lead to a situation in which suitable binders for a specific target and a given application are just a click away.

Although conventional antibodies are still dominating in classic antibody realms, such as proteomics, Western blot, and immunofluorescence techniques, recombinant formats enable completely novel types of applications in structural biology, living cells, and synthetic biology. The possibility to genetically combine their target affinity with biological executor functions will be of interest not only for cell biology but also for future therapies. Here, the concomitant development of cellular delivery strategies will be crucial to enable direct uptake of functional binders in living cells. In addition, with gene therapy finally realizing its decades-old promises, recombinant binders will increasingly become important as shown for innovations such as chimeric antigen receptors to fight cancers ([@bib60]). Once binders are understood as recombinant genetic tools that can be custom tailored and combined with any existing functionality, the possibilities seem unlimited, for research as well as therapy.
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